ABSTRACT Mosquito swarms are poorly understood mating aggregations. In the malaria vector Anopheles gambiae Giles, they are known to depend on environmental conditions, such as the presence of a marker on the ground, and they may be highly relevant to reproductive isolation. We present quantitative measurements of individual An. gambiae positions within swarms from Doné gué bougou, Mali, estimated by stereoscopic video image analysis. Results indicate that swarms in this species are approximately spherical, with an unexpectedly high density of individuals close to the swarm centroid. This high density may be the result of individual males maximizing their probability of encountering a female or a product of mosquito orientation through cues within the swarm. Our analysis also suggests a difference in swarm organization between putative incipient species of An. gambiae with increasing numbers of males. This may be related to a difference in marker use between these groups, supporting the hypothesis that swarming behavior is a mechanism of mate recognition and ultimately reproductive isolation.
Mosquito swarms have long been observed and described, but with few exceptions (such as Gibson 1985) , their physical organization and dynamics remain poorly understood, especially in the Þeld. In this paper, we address two fundamental issues as they relate to swarms of the malaria vector Anopheles gambiae Giles. The Þrst is how swarms of males are organized in this species. The second is what role this organization might play in mate choice and reproductive isolation within the An. gambiae species complex.
Part of the reason little is known about mosquito swarms is that they are generally difÞcult to study in a natural setting. Locating the swarms can be difÞcult for many species (Service 1993) , and even once found, it is difÞcult to gather quantitative measurements (although not impossible; see Yuval and Bouskila 1993) . Previous studies on insect swarming generally used image acquisition and processing techniques to examine swarms (Okubo et al. 1981 , Riley 1993 . Stereoscopic image analysis in particular has been used to study mosquito swarms, resulting in some sophisticated statistical methods for localizing individuals (Ikawa and Okabe 1997) . However, these approaches have yielded limited biological insight into the organization and dynamics of mosquito swarms, probably because of the technical difÞculty involved in image acquisition and analysis.
Anopheles gambiae swarms are known to be composed almost entirely of males (Diabaté et al. 2006) , and are often, although not always, found over "swarming markers" (Marchand 1984 , Charlwood et al. 2002 . As in other dipterans, they are thought to be mating aggregations (Downes 1969 , Sullivan 1981 . They probably Þt the strict deÞnition of a lek (an area where males congregate to secure mates), especially because they represent nonÐresource-based aggregations. There may be competition for more advantageous positions within the aggregation enabling better access to mates, as observed in other lekking species (Hö glund and Alatalo 2007) . Supporting the idea of competition within anopheline swarms, previous work has shown an effect of body size on mating success in Anopheles freeborni Aitken (Yuval and Bouskila 1993) (although this was not detected in An. gambiae; Charlwood et al. 2002) and physical combat for females within swarms has been observed in other genera (Sullivan 1981) .
Swarms of males may serve various purposes with respect to mating. They may reduce the risk to an individual mosquito of searching for a female or make the probability of encountering one higher because the range of attraction is short (Charlwood and Jones 1979) . They may also help ensure that males do not expend reproductive effort on females that have al-ready been inseminated. These advantages would depend on females not entering the swarm randomly but instead entering speciÞcally to mate.
Especially if females enter nonrandomly, the swarm of males may operate as an attractant to females and may contain cues to indicate if the males in the swarm are con-or heterospeciÞc. Differences between sibling species or populations in swarming behaviors have been hypothesized Jones 1980, Sullivan 1981) but are not yet supported by data. Such variation would make swarming a characteristic of the mosquito life history where reproductive isolation may evolve between sympatric taxa through the existence of mono-speciÞc male swarms segregated by marker choice, differences in swarm organization, or temporal differences in swarming time.
Incipient speciation between the M and S molecular forms of An. gambiae has been widely discussed and studied (della Torre et al. 2002) . These two taxonomic groups are distinguished by differences in ribosomal DNA (rDNA) sequences ), but they have not exhibited barriers to hybridization in the laboratory (Diabaté et al. 2007a ). In nature, however, hybrids are very rare (della Torre et al. 2001) , as are heterospeciÞc matings (Tripet et al. 2001 ). This indicates that the molecular forms are separated by prezygotic reproductive barriers. Such barriers could easily occur if there are differences in the structure, timing, or location of male swarms. The existence of such barriers is supported by evidence that molecular forms swarm assortatively (Diabaté et al. 2006) .
It has been suggested that there are systematic differences in swarm marker choice between the molecular forms in our study area (A. D., unpublished data). SpeciÞcally, the M molecular form tends to swarm over markers of horizontal contrast, such as those formed between a grassy area and a footpath, over a small tree, or over a well. The S molecular form in this same area is almost invariably found over bare ground, with no marker discernible under the swarm. This agrees with suggestions of spatial segregation between subtaxa in the An. gambiae complex (Gilles and De Meillon 1968) . If there are differences in marker use or nonuse, these might be reßected in swarm structure or dynamic.
Materials and Methods
Study Site. The swarms analyzed in this study were all Þlmed in the village of Doné gué bougou, Mali (12Њ48Ј38Љ N, 7Њ59Ј05Љ W) between 29 August and 27 October 2007. Doné gué bougou is a village of 1,345 inhabitants situated Ϸ25 km north of Bamako, in a typical Sudan Savana habitat of low grasslands on rolling hills. The area receives between 500 and 1,000 mm of rainfall annually in a highly seasonal pattern, with almost all the precipitation occurring between May and October. There is an alternating dry season from November to April. Malaria transmission in this area is seasonal, coincident with rains and higher vector densities from June to November (Dicko et al. 2004) . Further details about the environment and human activities are given in Touré et al. (1998) .
The molecular and chromosomal form composition in this area is known to shift with changes in climatic conditions between wet and dry seasons. The M molecular form (Mopti chromosomal form) is more prevalent together with Anopheles arabiensis Patton during the dry season, but they are gradually replaced by the S molecular form (Þrst Savana then Bamako chromosomal forms) as precipitation increases (Manoukis 2006) . This region has the M and S molecular forms in sympatry, and for our study period, both were present. Doné gué bougou has been the site of previous research on An. gambiae swarms (Diabaté et al. 2007b) . That work has shown that An. gambiae males tend to swarm at the same locations throughout the season and that particular locations are consistently associated with swarms of a single molecular form. We used this information to attempt to Þlm swarms of both molecular forms.
Filming Procedures. Approximately 40 min before sunset, twin Sony HDR-HC7 high-deÞnition digital camcorders (Sony, Tokyo, Japan) were mounted on a horizontal metal bar afÞxed to a tripod. The lenses were aligned to be as close to parallel as possible by using a ruler against the front of both barrels simultaneously to ensure that they were ßush. The zoom setting was set to minimum before Þlming began. All the analyzed footage was captured in infrared (IR) Þlming mode with illumination from a pair of IRLamp6 external IR light sources (Wildlife Engineering, Tempe, AZ), because there is some evidence that An. gambiae can detect light in the red range but not in IR (Gibson 1995) . The cameras were controlled through a LANC synchronizer (Rob Crockett, Ledametrix-.com, Grass Valley CA) that started and stopped the cameras together, permitting Þlms recorded by the camera pair to be accurately synchronized.
Each evening we recorded a calibration sequence. This entailed Þlming a one-half frame of PVC piping with markings in the horizontal and vertical directions every 10 cm. The alignment of both the frame and the tripod was checked with bubble levels. The frame was measured at distances of 1, 2, 3, and 4 m from the cameras.
Approximately 20 min after sunset, swarms began to appear. As soon as males were visibly congregating at the target location or a nearby site, we began Þlming and attempted to continue Þlming as long as there were males present. During Þlming, occasionally camera position or orientation had to be changed to accommodate the movement of the swarm. Toward the end of Þlming, we sampled ßying males with a hand net to evaluate the molecular form of the individuals in the swarm.
Image Processing and Mosquito Localization. MPEG compressed high-deÞnition movies from the cameras were processed with a series of free software packages (see Appendix). Grayscale stereomovies were ultimately produced, which could be extracted to a series of still images for measurement with ImageJ (Abramoff et al. 2004) . Further details on the image processing and method used for localization are given in the Appendix.
We detected some image distortion, based on the analysis of calibration images, where the bias in position estimates was negative at small distances and positive at longer distances. This is probably because of inaccuracies in the camera model geometry (see Appendix) or lens distortion. To correct for this effect, we Þt a second-degree polynomial regression model to a set of calibration data points at distances from 1 to 4 m, which we used to adjust the estimates of individual locations in swarm footage (see Results).
Calibration. We veriÞed the accuracy of localization using our protocol by making measurements on calibration images. To do this, we measured four 10-cm intervals marked on footage of the calibration PVC frame with horizontal and vertical arms, taken on different days and at four known distances from the camera (1, 2, 3, and 4 m). Two of the 10-cm distances were along the horizontal plane of the image and two along the vertical plane.
We used four such sequences (16 stereo images) to Þt a polynomial correction model (a total of 64 measurements of 10-cm intervals). This can be considered a training dataset. We tested our ability to estimate position and distances between points by measuring the same intervals in a different set of three sequences (12 stereo images, 12 distances estimated at each depth, total ϭ 48 distances estimated).
From this testing dataset, we found the mean estimate (x ) of the 10-cm distance at all depths from the camera to be 10.13 Ϯ 1.36 (SD) cm. The accuracy of these estimates was lower with greater distance, and there was evidence of some remaining systematic change in bias with distance (1 m: x ϭ 10.88 Ϯ 0.58 cm. 2 m: x ϭ 10.22 Ϯ 1.02 cm. 3 m: x ϭ 9.80 Ϯ 1.41 cm. 4 m: x ϭ 9.67 Ϯ 1.87 cm), although these were much reduced over the uncorrected images. We note that the mean distance from the cameras to individual mosquitoes used in the analysis was 2.61 Ϯ 0.73 m.
Data Analysis. We estimated the locations of all visible individual mosquitoes in one image about every 15 s of footage. At each of these points, we conÞrmed that we were measuring the position of swarming mosquitoes by stepping forward and backward in the image sequence to follow individuals and ensure that they were not passing through the swarm or that they were unlikely to be An. gambiae.
The data include a high degree of nesting, which we examined and took into account in our statistical tests: We have positions of individuals within an image (time point), several time points within a swarm, and several swarms per molecular form.
In several of the analyses, we calculated the swarm centroid, often to recenter the positions of individuals to be comparable between images. The centroid is deÞned as the mean of the {X,Y,Z} positions of mosquitoes seen in the swarm.
Results
Spatial and Temporal Sampling. Overall, we estimated Ͼ5,000 positions of individual mosquitoes seen in 376 stereographic images. These images were taken from footage of 12 An. gambiae swarms from all areas of the village, each Þlmed on a different date between August and October 2007. An overview of the data and coverage is given in Table 1 .
The number of visible mosquitoes per swarm varied over time as shown in Fig. 1 . Although we were usually not able to capture the beginning of the swarms, we often did Þlm while numbers were still increasing, and until swarming ended. We qualitatively examined all our response variables for systematic effects of time but found that there were none that could be distinguished from those that could be attributed to changes in the number of individuals, a variable we explicitly analyzed.
Distribution of Individuals Within Swarm. We performed a qualitative examination of the distribution of individuals within swarms, samples of which are shown in Fig. 2 . For each swarm, the positions of all individuals seen throughout the Þlming are shown, with the color of each point representing the distance to the nearest neighbor at the moment the individual was observed (hereafter DNN). To compare positions from different times, we normalized all positions based on the swarm centroid at the moment when the individual was detected; this was accomplished by setting the swarm centroid to always be at position {X,Y,Z} ϭ {0,0,0}. Doing so eliminated deformation of the swarm shape caused by camera or overall swarm movement. Interactive and animated visualizations of the swarms are given in the Supplemental Information.
Mosquito density decreases with increasing distance from the swarm centroid, often quite quickly (Fig. 3) . The data shown in Fig. 3 might be misleading, however, because they are a composite of all observations of individual mosquitoes over all images analyzed per swarm. They do not include any information on how density might have changed over time.
A more stringent test of the effect of position in the swarm on density is shown in Fig. 4 . For each swarm, a positive relationship between distance from the swarm centroid and DNN is evident. Fig. 4 preserves information about changes that may have occurred over time, because DNN is calculated for the moment when each individual was observed. We tested whether there was any statistical relationship between the distance from the swarm centroid and the natural logarithm of DNN using a linear mixed effect model (Pinheiro and Bates 2000) , with the cube root of the distance from swarm centroid and molecular form composition of the swarms as Þxed effects and swarm identity as a random variable. Natural logarithm transformations were used to reduce heteroskedasticity in the data, whereas the cubed root transformation was used to model the increase in volume with distance from the swarm centroid. This analysis showed a signiÞcant effect of distance from the centroid on the distance to nearest neighbor, taking into account random differences between swarms and that this effect did not vary between molecular forms (Table 2) .
We further tested if there was any difference in the swarm structure along the horizontal versus the vertical directions by comparing the extent of swarm size along these directions. Wilcoxon signed-rank tests of paired observations of swarm width (X) and height (Y) taken from each image were performed per swarm. After Boneferroni correction, 4 of the 12 swarms had signiÞcant differences in width versus height (we denote mean difference as x ), but these differences were neither consistent nor very large (29 August X Ͻ Y: x ϭ 0.16 Ϯ 0.11; 11 September X Ͼ Y: x ϭ 0.11 Ϯ 0.07; 16 September X Ͼ Y: x ϭ 0.19 Ϯ 0.14; 19 October X Ͻ Y: x ϭ 0.18 Ϯ 0.14).
Effect of Numbers of Individuals on Swarm Density. To examine the effect of numbers of individuals on swarm organization, we analyzed each image, and not each individual mosquito, as a sample. We used the number of visible mosquitoes as a predictor of median DNN and overall swarm size as estimated by the maximum observed distance from the swarm centroid (hereafter MCD).
Analysis of covariance (ANCOVA) of the effect of numbers of individuals and molecular form identity on the median DNN and MCD are given in Table 3 . The number of individuals in the swarm had a signiÞcant negative relationship on proximity to neighbors (median DNN) and a signiÞcant positive relationship on swarm size (MCD), although the latter relationship was different depending on the molecular form of the swarm. These relationships are shown graphically in Fig. 5 .
Discussion
Our analysis showed the basic characteristics of An. gambiae male swarm structure, including novel information on swarm size, shape, temporal extent, and spatial patterns of density. We also analyzed an aspect of swarm dynamicsÑthe effect of increasing numbers on swarm organizationÑwhich suggests a difference between incipient species, possibly driven by fundamental insect perception mechanisms. Fig. 2 qualitatively shows that swarms were often spherical, although occasionally ßattened along the horizontal axis. Flattening may have been caused by wind (see swarm of 29 August). Perhaps the most striking feature of the distribution of individuals within a swarm is the very high density of individuals around the swarm centroid, a feature that was seen in all samples.
The high density at the swarm center deviates from what would be expected under random movement through a predeÞned spherical volume. If mosquitoes were moving in this manner, we would expect to Þnd a roughly uniform distribution of locations where individuals were observed throughout the volume. The equivolumnar histograms shown in Fig. 3 would produce bars of approximately the same height. Instead, we see massive aggregation around the center of the volume. This result is further supported by the signiÞcant positive effect of distance from the swarm centroid on DNN.
There are several hypotheses that could explain why individual An. gambiae are seen excessively often near the swarm centroid. One possibility is that mosquitoes actually prefer this location because it allows them the quickest access to any part of the swarm periphery, should a female enter the aggregation. This ability might be advantageous if females do not enter from any particular direction or height. Alternatively, females may simply be more likely to pass through the center of the swarm, making this location advantageous to waiting males. Females passing through the centroid may result from their ßying toward the swarm based on sound; possibly, this cue leads them more often to pass through the center.
Another possibility is that the concentration of individuals near the swarm centroid is the product of mosquito perception of the swarm marker. If individuals are trying to remain directly over the marker so as not to lose contact with the swarm, a pattern such as the one observed might emerge. Although it is well known that An. gambiae use swarm markers on the ground (Charlwood and Jones 1980) , one half of the swarms in this study were observed to form over bare ground, so this explanation should not hold for them.
Male mosquito perception in the swarm may not be limited to the marker on the ground, however. The males can detect the ßight tone of other males and indeed may use this at short range to differentiate between males and females (Gibson and Russell 2006) and probably also to avoid collisions while swarming. Detecting other males makes it possible that swarming An. gambiae try to maximize their proximity to other males as a way to remain in the region of the swarm most likely to be detected and entered by a female. Such a mechanism could be similar to the "Boids" ßocking model (Reynolds 1987) or elements of it, where agents use three simple rules (separation, alignment, and cohesion) to organize themselves. We note that swarm organization using perception of other males is not exclusive of marker-based methods.
Changes in the distribution of individuals within a swarm over time could not be distinguished from those that may have been caused by changes in the number of mosquitoes. The number of mosquitoes in a swarm did have a signiÞcant negative relationship with the distances between them and a signiÞcant positive effect on the size of the swarm. In the case of the former, we also detected a signiÞcant difference between molecular forms: the M molecular form swarms increased in size with number and apparently plateau to a maximum that varied between swarms. The S molecular form swarms appeared to grow in size without this constraint.
This observation may be indicative of the role of a swarm marker in organizing the males in the M form: if individuals perceive the marker, they may not be able to stray too far from it, leading to an effective ceiling on the maximum volume a swarm may occupy. The S molecular form individuals found in this study were almost always over bare ground, so this may not have been a constraint in their case.
Taken together, the results of this study support the idea that swarming males are aware of both other males and swarm markers, when these are used. A difference in the weighting given to each might have led to spatial segregation of the molecular forms of An. gambiae in Doné gué bogou, a situation that would have made swarming behavior a natural target for mate recognition mechanisms to arise in females and may lead to reproductive isolation.
Future studies on male swarming in this species using video stereoscopy could focus on the many topics that remain completely unexplored: movement of the entire swarm over a marker or over bare ground, orientation of individuals with respect to wind, and where females actually encounter males to mate with within the swarm volume, to name a few. Moreover, we are working on extending this method to tracking individual trajectories though space, which should make possible other research questions and more sophisticated analytical approaches (Okubo et al. 1981) . We also note that stereo soundÐbased localization of swarms could provide novel insight into the swarming behavior of An. gambiae. 
